We describe a method to obtain the fraction of poorly deformable red blood cells in a blood sample from the intensity pattern in an ektacytometer. In an ektacytometer red blood cells are transformed into ellipsoids by a shear flow between two transparent cylinders. The intensity pattern, due to a laser beam that is sent through the suspension, is projected on a screen. When measuring a healthy red blood cell population isointensity curves are ellipses with an axial ratio equal to that of the average red blood cell. In contrast poorly deformable cells result in circular isointensity curves. In this study we show that for mixtures of deformable and poorly deformable red blood cells, iso-intensity curves in the composite intensity pattern are neither elliptical nor circular but obtain cross-like shapes. We propose a method to obtain the fraction of poorly deformable red blood cells from those intensity patterns. Experiments with mixtures of poorly deformable and deformable red blood cells validate the method and demonstrate its accuracy. In a clinical setting our approach is potentially of great value for the detection of the fraction of sickle cells in blood samples of patients with sickle cell disease or to find a measure for the parasitemia in patients infected with malaria.
Introduction
In some hemolytic anemias, like hereditary spherocytosis, malaria and sickle cell disease, a fraction of red blood cells is less deformable due to stiffening of the cell membrane [1, 2] . The reduced deformability of red blood cells as present in such diseases affects both the macro and the microcirculation. In the macro circulation, blood flow is affected by drastically increased whole blood viscosity which even exceeds the viscosity of a suspension of rigid spheres with comparable volume fraction [3] . In the microcirculation the rigidity of the sickle cells are found to cause vaso-occlusive blockades [4, 5] .
The deformability of red blood cells can be measured from their shape when subject to a shear flow in a medium with relatively high viscosity. In such a flow red blood cells are elongated by shear forces and transform into ellipsoids [6] . The eccentricity of the ellipsoidal cells is a measure of red cell deformation. The red cell deformation can either be estimated by a rheoscope (using a microscope which allows detection of the shapes of individual red blood cells) or by ektacytometry which is based on analysis of laser light scattered by a population of red blood cells in a suspension [7, 8] .
With a rheoscope it is possible to analyze individual RBCs and generate the deformability distribution within a cell population. It has been shown that a broad, in some cases bi-modal, distribution of red cell deformability actually exist in the aforementioned diseases [9] . Although the rheoscope can estimate detailed red cell deformability distributions, the method is complicated and rather time consuming and therefore not suitable for routine measurement of red cell deformability.
From the beginning of its existence, ektacytometry has been used to measure the deformability of cells from patients with hemolytic anemias like sickle cell disease [7, 11] . An ektacytometer allows fast measurement of red blood-cell deformability. However, currently it only provides the average red blood-cell deformability of a population [10] . In an ektacytometer a diluted suspension of red blood cells is subject to a shear flow between two coaxial transparent cylinders. Laser light is sent through the sheared suspension and scattered by the ellipsoidal red blood cells. The resulting intensity pattern is projected on a screen. In a normal red cell population points of equal intensity in the intensity pattern build up elliptical curves: the isointensity curves. The eccentricity of the isointensity curves is equal to eccentricity of the average ellipsoid within the red cell population [10] . An isointensity curve yields a long axis l and a short axis s of the ellipse. In routine measurements, a deformation index DI, defined by (l-s)/(l + s), is measured at different angular velocities of the outer cylinder. DI is plotted against the calculated shear stress in the suspension and represents the deformability of the red cells under consideration. It varies between 0 for low shear stresses to as much as a maximum value of approximately 0.6 at high shear stress (30 Pa).
In blood samples of patients with sickle cell disease or in blood samples infected with Plasmodium Falciparum, the red cell population consists of a mixture of deformable cells and poorly deformable cells [9] . The deformable subpopulation behaves like normal red blood cells and in the ektacytometer they transform into ellipsoids yielding the corresponding elliptical isointensity curves. The poorly deformable cells in such a blood sample exhibit a rigid body rotation in a shear flow resulting in nearly circular isointensity curves in the ektacytometer [12] . The intensity pattern in ektacytometry is therefore a composition of patterns representing highly-deformable and poorly deformable cells. In this composite intensity pattern the isointensity curves are not elliptical but obtain cross-like shapes [1].
In literature on ektacytometry only few attempts were made to quantify the amount of poorly deformable red blood cells from a composite intensity pattern as described above. In studies of Allard et al. [11] and Bessis and Mohandas [1], the quantification was performed by analyzing photographical images of the intensity pattern. Although quantitative information can be obtained by this method, only a rough estimation of the fraction of poorly deformable cells was possible. Furthermore, the analysis of the photographs turned out to be time consuming and difficult to standardize [12] . In a study of Plasek and Marik the latter problem was recognized [13] . They tested a method to obtain the fraction of poorly deformable cells from the intensity at one single position in the intensity pattern. The intensity was measured with a photoresistor at two different shear rates. The two resulting signals were combined to obtain an index I u which is related to the actual fraction of poorly deformable cells. In their derivation of I u it is shown that it must be proportional to the fraction of poorly deformable cells. However, in the associated experiments on mixtures of deformable and glutaraldehydefixed poorly deformable red blood cells, this was not confirmed.
At a later stage, ektacytometry was used for the study of the effect of antisickling agents on the deformability of sickle cells [4, 14, 15] . In these studies the authors fall back on the deformation index DI that is designed for populations with relatively narrow distributions of the deformability of the red blood cells. Although DI will decrease with an increase in the amount of poorly deformable cells in the population, no quantitative information about the fraction of poorly deformable cells is obtained by DI.
In conclusion, no reliable method to obtain the fraction poorly deformable red blood cells from the intensity pattern in ektacytometry is available to date. Therefore, we developed a method based on existing least squares problem solving techniques [16] [17] [18] . In our method the complete intensity pattern is used in the estimation of the fraction poorly deformable cells.
In order to gain insight into the characteristics of the composite intensity pattern, we first calculated the isointensity curves of a mixture of prolate and oblate spheroids. These spheroids represent the deformable and poorly deformable red blood cells as observed in an ektacytometer. For the calculation of the isointensity curves we used the anomalous diffraction approximation for ellipsoidal particles [19] , which is valid for particles with a relative refractive index and size of a red blood cell.
In order to investigate the accuracy of our method, it was tested in experiments with known mixtures of deformable and poorly deformable glutaraldehyde-fixed red blood cells.
Isointensity curves of a mixture of oblate and prolate spheroids
To gain insight into the characteristics of the intensity pattern produced by a mixture of deformable and poorly deformable red blood cells, we calculated the isointensity curves of a mixture of oblate and prolate spheroids. For this purpose the anomalous diffraction approximation for ellipsoids was used [19] . In the anomalous diffraction theory both the light that is traveling along and the light traversing the particle is taken into account in the calculation of the scattered intensity. Consider a single ellipsoidal particle with semi axes a>b>c, situated in the origin of a Cartesian coordinate system and a, b and c oriented along the x, y and z axes respectively (Fig. 1) . The particle is illuminated by a plane wave traveling in the z-direction. In the anomalous diffraction approximation the intensity I A at a point (x,y,z) far from the particle is given by [14] :
(1), I o denotes the intensity of the incident wave, J o (u) is the zeroth-order Bessel function of u, k is the magnitude of the wave vector of the light in the medium surrounding the particle, q is the axial ratio a/b of the ellipsoid and α is the size parameter for an ellipsoidal particle.
Equation (1) shows that all points in space with a fixed value of v build up curves of equal intensity. On a screen perpendicular to the direction of the incident light these isointensity curves are ellipses. In a red cell suspension with uniform deformation of all the cells within the population, the isointensity curves in the intensity pattern are elliptical with an axial ratio q p equal to the axial ratio q of the cells. Furthermore, the axial ratios of the isointensity curves are independent of the intensity level of these curves. If the cell population consists of a mixture of deformable and poorly deformable cells, the relation between cell shape and intensity pattern is more complicated. To calculate the intensity patterns of such mixtures, we used the fact that in a diluted cell suspension as present in the ektacytometer, the intensity at any point on the screen is the sum of the intensities due to the light scattered by the individual cells [20] . Figure 2 represents the theoretical isointensity curves of a suspension with equal amounts of prolate (q = 4.7) and oblate spheroids (q = 1) representing the deformable and poorly deformable red blood cells. The isointensity curves 1, 2 and 3 in 
Determination of the fraction poorly deformable cells
In the ektacytometer, the intensity at any point on the screen is the sum of the intensities due to the light scattered by the individual cells. If the cell population consists of two subpopulations with relatively narrow distributions of the axial ratio, we can assign single values q 1 and q 2 to these subpopulations [10] . In this case the intensity of the scattered light on the screen can be approximated by I(x, y, ) .n n I (2) where I(x,y,q 1 ) and I(x,y,q 2 ) represent the intensities of the light scattered by cells with axial ratios q 1 and q 2 . In Eq. (2), n 1 and n 2 are the numbers of cells with axial ratios q 1 and q 2 , respectively. In our measuring system [19, 21] , I sc is measured at many points (x,y) on a screen. Measurement of the intensity at m different positions on the screen results in m equations like Eq. (2). These equations can be written as one matrix equation
In this matrix equation, I meas is a vector of length m containing the measured intensities I sc (x,y) of the composite intensity pattern, I mat is a (m × 2) matrix and n is a vector with two elements n 1 and n 2 which are the numbers of cells as in Eq. (2). The rows of I mat represent the intensities at the m positions on the screen for the single cells with axial ratios q 1 and q 2 . In this way I mat is the matrix that contains the intensity patterns of the two elementary particles building up the composite intensity patterns.
Since we are interested in the numbers of cells (n1, n2) with axial ratios q 1 and q 2 that go with a certain measurement vector I meas we must invert Eq. (3) to obtain n 1 and n 2 . This inverse relation is given by If n 1 and n 2 represent the numbers of poorly deformable and deformable red blood cells in the population, respectively, the fraction of poorly deformable cells n u is calculated by
Equation (4) produces a solution vector n that is the best approximation in the least-squares sense [16] .
Experiments
To investigate the usefulness of the method that is described in the former paragraph, we analyzed the intensity patterns of mixtures of deformable and poorly deformable cells. The poorly deformable cells were prepared by fixation for 30 minutes in a 0.5% glutaraldehyde solution. Five different mixtures of deformable and poorly deformable cells were prepared in which the fractions of poorly deformable cells were varied between 0 and 100%. In all mixtures, the red cell concentrations were adjusted to 5.0*10 4 cells/µl. During the measurements of the intensity patterns in the ektacytometer, the shear stress in the cell suspension was approximately 60 Pa. At this shear stress the deformable cells have reached a degree of deformation which is close to their maximal deformation and the fixed cells exhibit rigid body rotation. In order to account for fluctuations of local cell concentration during the measurement, 10 images were scanned for every mixture. Figure 3 (top row) shows the isointensity curves in an intensity pattern of 100% (left) and 0% (right) poorly deformable red blood cells. The isointensity curves of the suspension with only deformable cells are elliptical with axial ratio q of approximately 3. The isointensity curves corresponding to the poorly deformable cells are circular (q»1). The composite intensity patterns due to mixtures of deformable and poorly deformable cells are shown in Fig.  3 (bottom row) and Fig. 4 . In all mixtures the shape of the isointensity curves depends on the intensity level of the curves. This corresponds to the calculations that we performed on mixtures of prolate and oblate ellipsoids.
If we compare Fig. 2 with the measured isointensity curves of the sample with a 1:1 mixture of deformable and poorly deformable cells (Fig. 4) we observe the same characteristics: at high intensity levels the isointensity curves tend to be elliptical whereas at lower intensity levels the influence of the circular part of the pattern becomes more manifest.
For the estimation of the fraction of poorly deformable cells, a matrix I mat and a vector I meas had to be obtained from the measurements. For the two columns of I mat , the measured intensity patterns of the poorly deformable (q 1 »1) and the deformable (q 2 »3.0) cells were used. To minimize the errors produced by fluctuations in the local red cell concentrations during the measurements, the mean of 10 images were used for each element of I mat . Both columns contained m = 45 × 45 elements obtained from the relevant part of the intensity pattern. The intensities of the composite intensity patterns were obtained from the same part of the intensity pattern and collected in the vector I meas . Equations (4) and (5) were used for the estimation of n 1 and n 2 and the fraction of poorly deformable cells n u . Figure 5 shows the value of n u (measured) obtained from the composite intensity patterns for five prepared mixtures of poorly deformable and deformable red blood cells: n u (sample) = 0.0, 0.25, 0.5, 0.75 and 1.00 respectively. For every mixture, 10 images were scanned and the corresponding values of n u were estimated from each image. The mean values of n u (measured) and the associated standard deviation are plotted in the figure. The figure shows that the actual fraction of poorly deformable cells represented by the dashed lines is very close to the estimated values. Furthermore, the actual fractions lie within the standard deviation of the measured n u .
Discussion
The relationship between cell shapes and intensity pattern in the ektacytometer is not straightforward if the blood sample consists of a mixture of deformable and poorly deformable red blood cells. Both our simulations and experimental results reveal that the isointensity curves of the cell mixtures have cross-like shapes. Consequently, the usually employed deformation index DI, which is based on elliptical isointensity curves in the intensity pattern, is not the correct parameter to use in this situation. Therefore we presented an alternative method to analyze these intensity patterns which gives accurate quantitative information about the fraction poorly deformable cells in a red cell population.
In a former paper we showed that in a blood sample with normal red blood cells the isointensity curves are elliptical [19] . Moreover, at high shear stresses, the observed axial ratio of the isointensity curves of a cell population equals the axial ratio of a pattern which would be produced by a single red blood cell with the average volume of the cells in such a population [10] . On the other hand, the isointensity curves of a mixture of deformable and poorly deformable red blood cells are not elliptical any more and the axial ratio and the shape of the curves depend on the intensity level ( Figs. 2-4 ). Although deformation index DI will be related to the composition of the red cell suspension, it gives no accurate quantitative information about the fraction poorly deformable cells in the cell population since the resulting DI depends on the intensity level of the isointensity curves.
With the method that is presented in this paper it is possible to obtain the fraction of poorly deformable cells from the intensity pattern accurately. As is shown in Fig. 5 , there is a good comparison between n u obtained by our method and the n u of the prepared samples. The standard deviation in the measured n u never exceeds 3%. Apparently, the intensity pattern contains sufficient information in order to allow discrimination between the different mixtures of deformable and poorly deformable cells.
These results point out that our method is potentially useful for the determination of the fraction of poorly deformable red blood cells in sickle cell disease or malaria. By creating a matrix I mat that contains one column with the intensity pattern of a suspension with only sickled cells and a second row containing the intensity pattern with only deformable cells, it should be possible to obtain the amount of sickled cells in blood samples of sickle cell patients. Once this technique appears to be applicable for sickle cells, a variety of experiments are possible to study the sickling behavior of cells from patients with sickle cell disease. In experiments with blood samples containing sickle cells using the standard ektacytometer setup [14] a strong dependence of DI is observed by changing the oxygen tension (pO 2 ) and pH. With our method we expect that it will be possible to study the dependencies on pO 2 and pH with the actual fraction of sickled cells (n u ) as a parameter instead of measuring the less appropriate DI.
For the estimation of the fraction of poorly deformable cells we used intensity patterns of measured intensity patterns with two distinct values of q related to poorly deformed cells and maximally deformed cells. In future research it is interesting to investigate the possibility to incorporate the intensity patterns of more than two elementary particles with different axial ratios q. The advantage would be a more detailed picture of the relative amounts of cells as a function of q. However, if the number of elementary populations becomes too large, the inversion (Eq. (4)) may be instable due to column degeneracy of I mat .
In this paper we showed that it is feasible to analyze intensity patterns in an ektacytometer for a mixture of deformable and poorly deformable red blood cells. Our approach allows detection of the physiologically important fraction of poorly deformable red blood cells directly from the observed intensity pattern. This quantitative measure will be important for the study of the sickling behavior of sickle cells and parasitemia in malaria and may be a valuable tool in diagnoses and therapeutic control in these diseases.
